The present studies were conducted to determine whether a synthetic truncated apoC-I peptide that inhibits CETP activity in baboons would raise plasma HDL cholesterol levels in nonhuman primates with low HDL levels. We used 2 cynomolgus monkeys and 3 baboons fed a cholesterol-and fat-enriched diet. In cynomolgus monkeys, we injected synthetic truncated apoC-I inhibitor peptide at a dose of 20 mg/kg and, in baboons, at doses of 10, 15, and 20 mg/kg at weekly intervals. Blood samples were collected 3 times a week and VLDL + LDL and HDL cholesterol concentrations were measured. In cynomolgus monkeys, administration of the inhibitor peptide caused a rapid decrease in VLDL + LDL cholesterol concentrations (30%-60%) and an increase in HDL cholesterol concentrations (10%-20%). VLDL + LDL cholesterol concentrations returned to baseline levels in approximately 15 days. In baboons, administration of the synthetic inhibitor peptide caused a decrease in VLDL + LDL cholesterol (20%-60%) and an increase in HDL cholesterol (10%-20%). VLDL + LDL cholesterol returned to baseline levels by day 21, whereas HDL cholesterol concentrations remained elevated for up to 26 days. ApoA-I concentrations increased, whereas apoE and triglyceride concentrations decreased. Subcutaneous and intravenous administrations of the inhibitor peptide had similar effects on LDL and HDL cholesterol concentrations. There was no change in body weight, food consumption, or plasma IgG levels of any baboon during the study. These studies suggest that the truncated apoC-I peptide can be used to raise HDL in humans.
INTRODUCTION
Plasma high-density lipoproteins (HDL), which are negatively correlated with the extent of coronary atherosclerosis and the risk of coronary heart disease (CHD) [1, 2, 3] , vary considerably among experimental animals and humans [4, 5, 6] . A number of genetic and dietary factors affect plasma HDL cholesterol levels in humans and nonhuman primates [7, 8, 9] . Selective breeding has produced baboons with high and low HDL levels in response to a cholesterol-and fat-enriched diet [5] . The baboons of high-HDL families induce large HDL particles when challenged with a high-cholesterol and high-fat (HCHF) diet [6] . Our metabolic studies suggested that baboons with high HDL have a slower cholesteryl ester transfer from HDL to very low-density lipoproteins (VLDL) and low-density lipoproteins (LDL) on both the low-cholesterol low-fat basal diet and the HCHF diet [6] . The slower cholesteryl ester transfer from HDL to lowerdensity lipoproteins was due to an inhibitor of cholesterol ester transfer protein (CETP) rather than a lack of CETP mass [6] . The CETP inhibitor peptide was identified as an N-terminal fragment of apolipoprotein (apo) C-I [10] with a molecular weight of 4 kd. Both the natural and the synthetic CETP inhibitor peptide inhibited CETP activity in the plasma of low-HDL baboons [10] . An antibody against the CETP synthetic peptide increased cholesteryl ester transfer from HDL of high-HDL baboons, whereas the antibody to CETP decreased the cholesteryl ester transfer from HDL of both high-and low-HDL baboons [10] . The present studies were conducted to determine the effect of synthetic truncated apoC-I peptide on plasma VLDL + LDL and HDL cholesterol concentrations in baboons and cynomolgus monkeys consuming the HCHF diet. We also compared the effect of the route of administration of the peptide and the effect of the peptide on body weight, food consumption, and immune response.
MATERIALS AND METHODS

Animals and diets
Three adult male baboons (12-18 kg) and two adult male cynomolgus monkeys (6-8 kg) were used for these studies. Baboons selected for these studies did not induce large HDL particles in their plasma on the HCHF diet. Both baboons and cynomolgus monkeys consumed the HCHF diet for at least 3 months prior to the start of the experiment and continued consuming the HCHF diet throughout the experimental period. The diet provided 40% of total calories from lard and contained cholesterol at 1.7 mg/kcal as described previously [5, 6] . We used another 6 baboons for the measurement of inhibition of cholesteryl ester transfer from HDL to VLDL + LDL in vitro.
Measurement of CETP inhibitor activity of truncated apoC-I peptide
The effect of truncated apoC-I peptide on mass transfer of cholesteryl ester from HDL to VLDL+LDL was measured by using a whole plasma system [11] or a reconstituted assay system described by us [6] . For assays described here, we used a reconstituted system. Blood (25 mL each) was obtained from a donor and HDL and VLDL+LDL were isolated by ultracentrifugation [6] . HDL was labeled with [ 3 H]-cholesteryl ester and incubated (10 µg HDL cholesterol) with 50 to 100 µg of VLDL+LDL cholesterol in presence of CETP and 2 mM dithio-bis-dinitrobenzoic acid (DTNB) to inhibit lecithin-cholesterol acyltransferase [6] . CETP was isolated from the plasma of 6 donors as the lipoprotein deficient fraction d > 1.021 g/mL. Incubations were carried out at 4
• C and 37
• C with or without the apoC-I truncated peptide (25 µM) . The VLDL+LDL was precipitated with 0.1 volume of heparin-manganese chloride to give a final concentration of manganese chloride at 0.092 M and heparin at 1.3 mg/mL [11] . Radioactivity in HDL fraction was measured by scintillation spectrometry (Beckman Instruments, Palo Alto, Calif). The difference in cholesteryl ester transfer between 4
• C was due to CETP activity [6] . The cholesteryl transfer in assay mixture incubated with the truncated peptide was expressed as the percent of transfer in assay mixture incubated without the truncated apoC-I peptide for the same CETP.
Studies in cynomolgus monkeys
Cynomolgus monkeys were given an intravenous injection of the truncated apoC-I peptide at 20 mg/kg body weight. Cynomolgus monkeys were implanted with a jugular catheter and maintained on a tether system to facilitate blood drawing and infusion of the synthetic apoC-I peptide. After a steady baseline, the peptide was injected and blood was drawn three times a week.
Studies in baboons
We studied two modes (subcutaneous and intravenous) of administration of truncated apoC-I peptide in baboons. Baboons were also implanted with a jugular catheter and maintained on a tether system to facilitate blood drawing and infusion of the peptide. Baboons were injected with sterile saline as placebo and cholesterol concentrations of plasma lipoproteins were measured. After a steady baseline, the truncated apoC-I peptide was injected at weekly intervals at 10, 15, and 20 mg/kg body weight. One dose of radiolabeled (tritium) truncated apoC-I peptide was also injected during each study. Blood samples were drawn three times a week. Food consumption, body weight, and total IgG levels (only one study) were measured.
Synthesis of truncated apoC-I peptide
The 38 amino acid N-terminal fragment of apoC-I peptide based on human sequences [12] was synthesized at the Microchemical Facility of the Emory University School of Medicine on a contract basis. The baboon peptide has 8 substitutions in this region compared to the human sequence. These substitutions do not change the hydrophobic nature of the peptide. The peptide (both nonradioactive and radioactive) was synthesized by solidphase synthesis using the tBoc/benzyl protection strategy. The peptide was purified by reversed-phase HPLC and was received in freeze-dried form. The purity and structural integrity of the preparation was documented by microbore reversed-phase HPLC and by electrospray ionization tandem mass spectrometry (communication by Dr John Pohl, Director of Microchemical Facility, Emory University, Atlanta, Ga).
Preparation of truncated apoC-I peptide
For subcutaneous injections, the truncated apoC-I peptide was dissolved in sterile DMSO and then diluted to a concentration of 200 mg/mL with sterile saline and the final concentration of DMSO was 5%. The solution was frozen and thawed 12 times and stored at −20 • C prior to use. A volume of 0.5 to 1.5 mL was injected subcutaneously. For intravenous injections, the appropriate dose of peptide for each animal was dissolved in 1 mL DMSO, frozen and thawed 10 times, and diluted with 19 mL sterile saline. The CETP inhibitor solution was again frozen at −20 • C prior to use. A volume of 20 mL was infused intravenously over 2 hours.
Blood sampling and separation of plasma lipoproteins
After a fast of approximately 15 hours, blood (2 mL) was drawn by a jugular catheter from baboons maintained on a tether system. Blood was centrifuged in a refrigerated low-speed centrifuge (Beckman Instruments, Palo Alto, Calif) to obtain plasma. Lipoproteins were separated by density gradient ultracentrifugation using SW 41 Ti rotor in a Beckman ultracentrifuge Model 8-70 or L8-70M (Beckman Instruments) as described previously in [13] . Fractions were pooled on the basis of their densities measured by refractive index [13] . Densities of pooled fractions corresponded to VLDL + LDL (d > 1.045 g/mL) and HDL (d = 1.45 to 1.21 g/mL). Plasma and lipoprotein cholesterol concentrations were measured every other day for 28 days.
Plasma and lipoprotein cholesterol, triglycerides, and total IgG measurements
Cholesterol concentrations in plasma and lipoproteins and triglyceride concentrations in plasma were measured by an enzymatic method using a kit from Wako Pure Chemical Industries (Richmond). Total plasma IgG was measured by precipitation with saturated ammonium sulfate. The values of IgG are expressed as microgram per deciliter.
Measurement of plasma apolipoproteins
Plasma apoA-I and apoE in baboon plasma and apoB in cynomolgus monkey plasma were measured by the electroimmunoassay method as described by Mott et al [14] . The antisera used for these assays were purchased commercially (Boehringer Mannheim, Indianapolis, Ind) and were monospecific.
Measurements of radioactivity in truncated apoC-I peptide in plasma
A small sample of plasma (50-100 µL) was counted in a liquid scintillation counter to measure the radioactivity and was plotted as a percent of radioactivity recovered in plasma at day 2.
Data analysis
The data in the figures have been presented as mean±SE. The values for lipoprotein cholesterol and apolipoprotein concentrations were compared with the values at day 0 (baseline value) using analysis of variance. The significance was set at P < .05. The half-life of the peptide was calculated by plotting data on a log scale. The data were log linear.
The protocol of this study was approved by the Institutional Animal Care and Use Committee of the Southwest Foundation for Biomedical Research, which is accredited by the American Association for Accreditation of Laboratory Animal Care and is registered with the US Department of Agriculture.
RESULTS
Effect of truncated peptide on cholesteryl ester transfer from HDL to VLDL + LDL in baboon plasma
We measured the mass transfer of cholesteryl ester from HDL to VLDL + LDL in vitro in presence or absence (control) of truncated apoC-I peptide. As presented in Figure 1 , the addition of truncated apoC-I peptide in the plasma considerably decreased (21% to 53% of control) cholesteryl ester transfer from HDL to VLDL + LDL.
Effect of truncated apoC-I peptide on plasma lipoproteins in cynomolgus monkeys
Plasma VLDL + LDL cholesterol concentrations for two cynomolgus monkeys used for these studies were 569 and 671 mg/dL. The hypercholesterolemia was mainly due to the increased cholesterol in VLDL + LDL (greater than 90% of total plasma cholesterol). Plasma HDL cholesterol concentration (64 and 61 mg/dL for two monkeys) was very low (less than 10% of total plasma cholesterol). After injection of the truncated apoC-I peptide in cynomolgus monkeys, there was a rapid drop in the plasma VLDL + LDL cholesterol concentration ( Figure 2 ). The maximum decrease in plasma and VLDL + LDL cholesterol occurred at day 7 in both animals and, at this point, there was a 26.5 ± 4.5% decrease in plasma LDL cholesterol levels (P < .05). The values for VLDL + LDL cholesterol levels were also significantly lower (P < .05) on days 3, 7, 11, and 14 than the baseline (day 0) VLDL + LDL cholesterol levels. After day 7, the VLDL + LDL cholesterol started to go up and, at day 21, the levels returned to baseline values. The HDL cholesterol concentrations increased at day 4 (10%-20%) and remained elevated until day 7, after which there was a slight drop. There was considerable variability in HDL cholesterol concentrations in both cynomolgus monkeys and therefore, these values were not significantly different from the baseline values (day 0 values). Baseline values for plasma apoB in two cynomolgus monkeys were 300 and 254 mg/dL. After the injection of the truncated apoC-I peptide, apoB decreased rapidly as did VLDL + LDL cholesterol; the maximum decrease occurred on day 7 (Figure 3) . After day 7, the apoB began to increase; like VLDL + LDL cholesterol, the plasma apoB concentration returned to baseline levels by day 21. The apoB concentrations were lower on days 7, 9, and 11 than the baseline apoB concentrations. triglycerides, 45.33 ± 3.48; mg/dL, mean±SE). injection of truncated apoC-I peptide (10 mg/kg), the HDL cholesterol concentration started to go up, whereas the VLDL + LDL cholesterol concentration started to go down. After the second injection (15 mg/kg) on day 7, the HDL and VLDL + LDL cholesterol concentrations remained the same. However, after the third injection (20 mg/kg) on day 14, the VLDL + LDL cholesterol went down further but, after day 21, it started to rise and returned to baseline values on day 28. On the other hand, after the third injection, the HDL cholesterol went up and stayed up during the rest of the experimental period. The maximum decrease in VLDL + LDL cholesterol was 20% on day 19, whereas the maximum increase in HDL cholesterol was 20% on day 23. Most of the values of plasma LDL and HDL cholesterol concentrations after the treatment with truncated apoC-I peptide were significantly different from values at the baseline. Figure 5 presents the average changes in plasma lipoprotein cholesterol in 3 baboons injected with truncated apoC-I peptide intravenously. As in the case of subcutaneous injections, after the first injection (10 mg/kg), there was a rapid increase in HDL cholesterol and a rapid decrease in VLDL + LDL cholesterol. After the second injection (15 mg/kg), there was no further change in HDL cholesterol concentration; however, there was a further decrease in VLDL + LDL cholesterol concentration. After day 10, the VLDL + LDL cholesterol began to rise, but after the third injection on day 14 (20 mg/kg), the VLDL + LDL cholesterol decreased further but there was very little change in the HDL cholesterol concentration. After day 20, VLDL + LDL cholesterol began decreasing till it reached baseline values by day 25. However, as with the subcutaneous injections, the HDL cholesterol remained elevated until day 28. The maximum decrease in VLDL + LDL cholesterol concentration was 40%, whereas the maximum increase in HDL cholesterol concentration was 20% (P < .05).
Effect of subcutaneous injections
Effect of intravenous injections of truncated apoC-I peptide on plasma lipoproteins in baboons
As presented in Figure 6 , there was an increase in apoA-I in plasma after the injection of truncated apoC-I peptide. The baseline values for apo A-I were 133.67±1.45 (mean±SE, n = 3). After the initial injection, there was a small increase in apoA-I levels; however, after the second and third injections, there was a rapid and larger increase in apoA-I in the plasma. There was a 20% increase in apoA-I after the second injection but the levels returned to baseline on day 28. Values of ApoA-I concentration after the treatment with apoC-I truncated peptide were significantly higher than the baseline values on days 10, 15, 17, and 23 (P < .05).
In contrast to plasma apoA-I levels, plasma apoE levels decreased in response to each injection of the peptide intravenously ( Figure 6 ). The maximum decrease in apoE was 25% on day 10. The baseline values for apoE were 4.37 ± 0.62 (mean±SE, n = 3). Values of apoE concentration were significantly lower than the baseline values on days 2, 8, 10, 19, 22, and 26 (P < .05). Percent change in triglycerides in baboons after the injection of truncated apoC-I peptide intravenously is shown in Figure 7 . Except at day 4, plasma triglycerides decreased until day 19, after which they started to go up. However, even after day 26, the triglyceride concentrations were lower than at the baseline level. The values of plasma triglycerides were lower than baseline values on days 12, 15, 17, 19, and 23 (P < .05).
IgG levels, body weights, and food consumption
The average values of plasma IgG levels in each baboon in response to truncated apoC-I peptide infusion did not change significantly (individual values for each baboon were 5.83 ± 0.09, 7.52 ± 0.12, and 6.57 ± 0.16, mean±SE, n = 12). Similarly, there was no change in either the body weights or food consumption (data not shown).
Half-life of the truncated apoC-I peptide in the plasma
The radioactivity was plotted as a percent of radioactivity recovered at day 2. For calculation of the half-life of the peptide, the decay of radioactivity was plotted from day 30 to day 60. There was a log-linear decay of the peptide radioactivity. On the basis of log-linear decay, the half-life of the peptide was 14 days. The half-life of the truncated apoC-I peptide was the same in both the subcutaneous and the intravenous studies.
DISCUSSION
Our results demonstrate that the truncated apoC-I peptide (human sequence) raises HDL cholesterol in two species of nonhuman primates. The increase in HDL cholesterol was preceded by a sharp and immediate decrease in VLDL + LDL cholesterol. There was no adverse effect on the immune response, body weight, or food consumption of the baboons or cynomolgus monkeys. Thus, the peptide appears to be safe. The increase in HDL cholesterol was accompanied by a decrease in triglyceride concentration. The optimal dose of the peptide was 10 mg/kg body weight, and it had a long half-life (14 days) in circulation.
Because the truncated apoC-I peptide is very hydrophobic, we used DMSO to dissolve it. This procedure raises a question of whether any of the effects on lipid levels observed were mediated by the DMSO. We did not inject DMSO into control animals. However, we used different amounts of DMSO in subcutaneous and intravenous experiments (0.075 versus 1.0 mL), but did not observe any difference in the effect of large amounts of DMSO on plasma lipid levels. Therefore, we concluded that the observed effects on lipid levels were due to the truncated apoC-I peptide.
We have established that both synthetic and natural (isolated from baboon plasma) truncated apoC-I peptides act as an inhibitor of CETP [10] . Lipoproteins isolated from animals infused with truncated apoC-I peptide have decreased cholesteryl ester transfer from HDL to VLDL + LDL in presence of CETP. As presented in Figure 1 , the truncated peptide added in the plasma at 25 µM substantially inhibits cholesteryl ester from HDL to VLDL + LDL. Since the transfer of cholesteryl ester from HDL to VLDL + LDL in the plasma is mediated only by the CETP, these results suggest that the truncated peptide inhibits the CETP activity in the plasma.
Statins, which are strong inhibitors of 3-hydroxy-3-methyl-CoA reductase, have been used effectively to lower VLDL + LDL cholesterol and reduce the risk of CHD in high-(VLDL + LDL) subjects [15] . However, low levels of HDL cholesterol are also associated with increased risk of CHD [16] . Niacin is the only drug that has been shown to raise HDL cholesterol effectively [17] , but the increase in HDL cholesterol is minimal and the drug is often not tolerated by subjects. Therefore, new drugs are needed to safely raise HDL cholesterol levels.
A deficiency of CETP is associated with increased HDL cholesterol levels and less atherosclerosis in human subjects [18, 19, 20, 21] . Inhibiting CETP activity has been a potential target to raise HDL cholesterol [22, 23] , but the CETP target has been controversial because of conflicting results from a number of studies in humans and animal models [24, 25] . In some cases, decreased CETP was associated with increased risk of atherosclerosis. However, the majority of studies suggest that deficiency of CETP raises HDL and is antiatherogenic [26] . A recent study suggests that human subjects with a mutation in CETP (codon 405) had lower CETP activity, larger HDL and LDL particles, and the phenotype was associated with greater longevity and lower prevalence of hypertension, cardiovascular disease, and the metabolic syndrome [27] .
A number of CETP inhibitors have been described. Some of these are synthetic compounds, whereas others are naturally occurring components of plasma in humans and animals [10, 28, 29, 30, 31, 32, 33, 34] . These compounds inhibit CETP activity, thereby preventing cholesteryl ester from converting to apoB-containing lipoproteins, which in turn increases the LDL receptor activity [35] . A decrease in cholesteryl ester from HDL to VLDL + LDL would increase HDL cholesterol that is larger in size [9, 36] . The results of our present studies also show that the initial action of the CETP inhibitor peptide in both species of nonhuman primates is that it leads to a rapid decrease in the VLDL + LDL cholesterol, possibly by increasing LDL receptor expression in the liver. The increase in HDL cholesterol is slower but continues even after the effect of CETP inhibitor on the VLDL + LDL cholesterol concentration has diminished.
Synthetic CETP inhibitors in animal models prevent atherosclerosis [31, 37] . The present studies using truncated apoC-I peptide in nonhuman primates demonstrate the beneficial effect of the CETP inhibitor peptide on plasma lipoprotein profile. However, these studies do not show whether the peptide would prevent atherosclerosis in humans or animals. Because the peptide occurs naturally in some families of baboons, we have compared the aortic lesions in half sib pairs of baboons with or without the truncated apoC-I peptide [38] . Baboons having the truncated peptide had much less aortic lesions than baboons without the truncated peptide even though they had similar levels of plasma and VLDL + LDL cholesterol. These observations suggest that the presence of the naturally occurring peptide in the plasma of baboons prevents atherosclerosis. Thus, the use of truncated peptide would not only decrease VLDL + LDL and raise HDL, but would also prevent the development of atherosclerosis.
Gene therapy with several genes in animal models has prevented atherosclerosis. For example, VLDL + LDL receptor-deficient mice treated with helper-dependent adenovirus containing apoA-I gene had higher plasma HDL cholesterol and fewer arterial lesions as compared with mice treated with saline alone [39] . The HDL in mice with apoA-I gene transfer was also larger than the HDL in mice treated with saline [39] . In addition to increasing HDL, the CETP inhibitor also decreases VLDL + LDL cholesterol. Therefore, the use of apoC-I truncated peptide for gene therapy may be superior to that of apoA-I to raise HDL and prevent atherosclerosis. These characteristics of the apoC-I truncated peptide may make it an ideal inhibitor of CETP to be used for treating hypoalphalipoproteinemic humans to raise HDL levels by infusions or by gene therapy.
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